HSP90 is a protein chaperone particularly important in the maturation of a diverse set of proteins that regulate key steps in a multitude of biological processes. Alterations in HSP90 function produce altered phenotypes at low penetrance in natural populations. Previous work has shown that at least some of these phenotypes are due to genetic variation that remains phenotypically cryptic until it is revealed by the impairment of HSP90 function. Exposure of such ''buffered'' genetic polymorphisms can also be accomplished by environmental stress, linking the appearance of new phenotypes to defects in protein homeostasis. Should such polymorphisms be widespread, natural selection may be more effective at producing phenotypic change in suboptimal environments. In evaluating this hypothesis, a key unknown factor is the frequency with which HSP90-buffered polymorphisms occur in natural populations. Here, we present Arabidopsis thaliana populations suitable for genetic mapping that have constitutively reduced HSP90 levels. We employ quantitative genetic techniques to examine the HSP90-dependent polymorphisms affecting a host of plastic plant life-history traits. Our results demonstrate that HSP90-dependent natural variation is present at high frequencies in A. thaliana, with an expectation that at least one HSP90-dependent polymorphism will affect nearly every quantitative trait in progeny of two different wild lines. Hence, HSP90 is likely to occupy a central position in the translation of genotypic variation into phenotypic differences.
HSP90 is a protein chaperone particularly important in the maturation of a diverse set of proteins that regulate key steps in a multitude of biological processes. Alterations in HSP90 function produce altered phenotypes at low penetrance in natural populations. Previous work has shown that at least some of these phenotypes are due to genetic variation that remains phenotypically cryptic until it is revealed by the impairment of HSP90 function. Exposure of such ''buffered'' genetic polymorphisms can also be accomplished by environmental stress, linking the appearance of new phenotypes to defects in protein homeostasis. Should such polymorphisms be widespread, natural selection may be more effective at producing phenotypic change in suboptimal environments. In evaluating this hypothesis, a key unknown factor is the frequency with which HSP90-buffered polymorphisms occur in natural populations. Here, we present Arabidopsis thaliana populations suitable for genetic mapping that have constitutively reduced HSP90 levels. We employ quantitative genetic techniques to examine the HSP90-dependent polymorphisms affecting a host of plastic plant life-history traits. Our results demonstrate that HSP90-dependent natural variation is present at high frequencies in A. thaliana, with an expectation that at least one HSP90-dependent polymorphism will affect nearly every quantitative trait in progeny of two different wild lines. Hence, HSP90 is likely to occupy a central position in the translation of genotypic variation into phenotypic differences.
cryptic variation ͉ molecular chaperone ͉ morphological evolution S everal recent studies have suggested that the molecular chaperone HSP90 may facilitate rapid evolutionary change (1) (2) (3) (4) . Morphological diversity is dramatically enhanced upon reduction of HSP90 function in natural isolates of both the fruit fly Drosophila melanogaster (1) and the mustard plant Arabidopsis thaliana (2) . In both organisms, HSP90-dependent altered morphologies differed between lines of different genetic background, suggesting that preexisting cryptic HSP90-dependent genetic variation had become phenotypically expressed. Rutherford and Lindquist (1) determined that the initially low penetrance of these variant traits could be increased by artificial selection and indeed driven to near fixation. Similar experiments revealed that other HSP90-dependent traits in D. melanogaster had a combined genetic and epigenetic origin (3) . Importantly, many of these line-specific phenotypes could be revealed by modest environmental change in the absence of deliberate manipulation of HSP90 function (1) . Taken together, these findings led to the proposal that HSP90 may play a key role in the transduction of environmental change to the phenotypic exposure of genetic differences, thereby acting as a capacitor of evolutionary change.
HSP90 is an essential, strictly conserved eukaryotic protein chaperone. Molecular chaperones are a class of proteins involved in altering the folding trajectories of a variety of other polypeptides (5) . Unlike either generalist chaperones or highly substrate-specific chaperones, HSP90 interacts with a moderately sized group of substrates that are both functionally and structurally diverse (6) (7) (8) (9) . Most importantly, many HSP90 substrates (client proteins) have an inherent conformational flexibility or instability. This property is common to many signal transducers. HSP90's function in the folding of such proteins is illustrated by its interaction with certain mammalian hormone receptors, such as the glucocorticoid receptor (10, 11) . HSP90 maintains such unstable receptors in a signaling competent state; inactive, but ready to be activated upon the acquisition of the proper upstream signal. After the signal, such as hormone binding, is received, substrates typically undergo a conformational change, leading to downstream signal propagation (5, 7) . Importantly, other proteins may become HSP90 clients upon acquiring a genetic polymorphism that interferes with protein stability (12) .
Due to the diverse activities of its substrates, HSP90 is a central, highly connected node in pathways regulating processes as diverse as cell growth, cell division, development, apoptosis, and environmental responses. Notably, although some HSP90 activity is essential in all eukarya, chaperone levels can be modulated significantly without clear deleterious effects for most individuals under optimal growth conditions (1, 4, (13) (14) (15) . Under stress, however, the requirement for HSP90 increases because of compromised protein homeostasis, which may result in the exposure of underlying genetic polymorphisms (16) . As inherently logical as such a proposal may be, as long as the underlying polymorphisms affected by HSP90 levels in genetically diverse populations remain unknown, such mechanistic hypotheses cannot be tested.
In the companion article (17), we have shown that naturally occurring HSP90-dependent variation can be genetically mapped in A. thaliana, using an early seedling trait as a model. These experiments decreased HSP90 activity with a lightsensitive, small-molecule inhibitor, an approach that is not suitable for the analysis of most plant traits. Here, we report the development of genetic mapping populations with constitutively reduced HSP90 levels and assess the frequency of natural HSP90-buffered polymorphisms across a variety of life-history traits in A. thaliana. We demonstrate that, in this model plant, HSP90-buffered variation is of global importance to variation in quantitative traits. These studies lay the foundation to assess both the mechanistic basis and the evolutionary potential of HSP90-dependent genetic variation.
Results
Recombinant Inbred Population Construction. We have previously described the construction of A. thaliana (Columbia) with a constitutive reduction in HSP90 levels (13) . This reduction is caused by the stable genomic insertion of a vector producing double-stranded HSP90 RNA, which targets the four cytosolic HSP90 isoforms by an RNA interference (RNAi) mechanism. The phenotypic consequences and genome-wide expression differences resulting from the constitutive reduction of HSP90 levels have been previously quantified in the standard inbred Columbia genetic background (13) .
To determine the effect of this constitutive HSP90 reduction on the translation of genotype to phenotype, we constructed a recombinant inbred line (RIL) set with constitutively reduced HSP90 levels [supporting information (SI) Fig. 3 ]. We crossed a Columbia (Col-0) HSP90-RNAi line with Ϸ68% of wild-type cytosolic HSP90 protein levels (13) to a wild-type Landsberg erecta (Ler-2) line. RILs were created by seven generations of single-seed descent, with continuous selection for the HSP90-RNAi transgene. A control RIL set was created in a similar manner, except that the Col-0 parent was a control line containing the same integrated transgene backbone without any HSP90 sequence (13) .
HSP90 Reduction in RILs. We verified that the HSP90-RNAi RILs were reduced in HSP90 levels by RT-PCR of the inducible HSP90-1 isoform, as described in ref. 13 . Analysis of 11 RILs from each set revealed a significant decrease, 1.6 cycles on average, in HSP90 levels in the HSP90-RNAi RIL population (Table 1 ; P Ͻ Ͻ 0.001 by ANOVA). This reduction is virtually identical to that reported for the parental HSP90-RNAi line in ref. 13 . One RIL in the control set was an outlier. It had HSP90 levels within the range of HSP90-reduced RILs. No other overlap occurred between the sets.
Genetic Mapping. Both RIL sets were genotyped by an array hybridization method (18) using 240 insertion/deletion markers that are polymorphic between Ler and Col. The markers are distributed in a genome-wide fashion, with an average spacing of 0.56 Mb/marker. Only four gaps of Ͼ2 Mb exist between markers; these contain the centromeres of chromosomes 1, 3, 4, and 5.
This genotyping array has the advantage of providing high throughput analysis of markers whose position is known in the sequenced Col-0 genome, allowing for facile correlation of physical and genetic maps. Maps of the genotyped RILs are presented in SI Table 3 and SI Fig. 4 . The RIL construction procedure selected for regions of the genome that are linked to the inserted construct. Therefore, the HSP90-reduced RIL population should show significant segregation distortion, biased toward Col-0, throughout chromosome 5, the site of the RNAi transgene insertion (SI Fig. 4 ; P Ͻ 0.01, 2 test). This distortion should, and did, increase to 100% Col-0 at the location of the transgene (34 cM). Similarly, the control population showed segregation distortion on chromosome 1 from 0 to 56 cM, as the control vector insertion was located at 25 cM (SI Fig. 4 ).
HSP90-Responsive QTL Affecting Hypocotyl Length in the Dark.
A previously created Col ϫ Ler RIL population (19) has been demonstrated to harbor several HSP90-dependent QTL affecting the hypocotyl length of dark-grown seedlings (17) . These experiments used geldanamycin (GDA), a highly specific HSP90 inhibitor (20) . To determine whether similar results could be obtained by genetic reduction of HSP90, we measured the hypocotyl elongation in the dark for 76 RILs of each of the HSP90-reduced and control sets.
One significant dark hypocotyl length QTL was discovered in the HSP90-reduced population, whereas no significant QTL were found in the control set ( Fig. 1 and SI Fig. 5 ). This QTL, on chromosome 2, is significantly different between the RIL sets and is HSP90-responsive (P ϭ 0.05 by nonparametric epistasis test; see Materials and Methods). The QTL is responsible for 20% of the phenotypic variance and an additive effect of 0.90 mm of hypocotyl length.
This HSP90-responsive QTL is in a very similar position-Ϸ10 cM distal to the erecta locus-to a QTL observed in previous experiments using GDA to inhibit HSP90 (17) . A colocalizing QTL has also been found in the CVI ϫ Ler RIL set (17) . The other HSP90-responsive QTL found in the previous study with Col ϫ Ler RILs were not observed with the genetic reduction of HSP90 levels. However, a region on chromosome 4, which colocalizes with one of these previously detected HSP90-dependent QTL, is highly significant for epistasis between HSP90 state and genotype (P ϭ 0.003, nonparametric epistasis test). That is, although neither the control nor the HSP90-reduced QTL are themselves significant, the predicted additive effects are opposite in sign and significantly different.
HSP90-Responsive QTL Affecting Life-History Traits. Hypocotyl and root elongation of dark-grown seedlings were the sole traits assessed in the accompanying study investigating HSP90-responsive QTL in A. thaliana (17) because the light sensitivity of GDA restricted us to early phenotypes in the dark. The construction of the genetically HSP90-reduced RIL set allowed us to expand the analysis of the effects of HSP90 reduction to any quantitative trait. Therefore, to assess the overall frequency of HSP90-responsive QTL, we measured a variety of life-history traits in the HSP90-reduced and control RIL sets, including flowering, size, and fitness traits. Because many of these traits are correlated (SI Table 4 ), principal components were also analyzed. The first four principal components each accounted for more than 10% of the total variance (37%, 22%, 13%, and 10%, respectively), so we approximate that this experiment measured the equivalent of four independent traits. Further quantitative genetic parameters are presented in SI Tables 5  and 6 .
Consistent with previously reported results (13), the HSP90-reduced population tended to flower slightly later than the control population (assessed by total leaf number; plants stop producing leaves at flowering, P ϭ 0.0017, Wilcoxon test). Also consistent with a previously published hypothesis (16), the HSP90-reduced population displayed significantly increased developmental noise (P ϭ 0.0065, Wilcoxon test). Here, developmental noise was measured for each plant by the coefficient of variation, using the length of the stem between the first five siliques.
Significant QTL are depicted in Fig. 2 and SI Fig. 6 , with details in SI Table 7 . A major effect QTL was detected surrounding the ERECTA locus in several traits, including leaf length, plant height, and seed mass. This result is expected because ERECTA is known to pleiotropically affect many traits (21) . Similarly, QTL for traits relating to flowering time were detected around the known natural variation at the FLC locus (22) . Neither of these effects were HSP90-dependent. The first principal component appears to be dominated by the effects of ERECTA, the second by FLC. Overall, nine independent regions affected the traits mapped in the control set, while nine also appeared in the HSP90-reduced set. Some of these regions overlapped, whereas others did not.
Of the 11 independent regions with significant QTL, 9 displayed significant HSP90-buffering effects, defined as epistasis between construct and genotype, for at least one trait (nonparametric epistasis test, P Ͻ 0.05 after multiple-comparison correction). Six of these occurred on chromosomes 2, 3, and 4, which are unaffected by the segregation distortion inherent in the populations. In summary, assuming that we analyzed four independent traits, we detect 0.5 HSP90-dependent QTL per chromosome per trait.
Confirmation of Flowering Time QTL in Near-Isogenic Lines (NILs). To confirm the statistical association of phenotype and genotype in QTL analysis, one commonly examines the trait in NILs. NILs are isogenic for most of the genome except for a small region of interest that segregates between different NILs. We focused on an HSP90-dependent total leaf number QTL on chromosome 4, because flowering time, strongly correlated to total leaf number, is a biologically important, well studied trait in A. thaliana and a QTL had not been previously reported in this region. We created NILs in a Col-0 genomic background except for twothirds of chromosome 4, which was either homozygous Col-0 or Ler-2. Control and HSP90-RNAi lines were created for both genotypes. Because total leaf number, a flowering time correlate, had shown a significant HSP90-responsive effect in this region, we measured this trait in the NILs ( Table 2 ). The genotype-dependent effect of HSP90 on flowering time was confirmed. Whereas control Col-0 plants had, on average, 1.4 more leaves than control Ler-2 plants, reduction of HSP90 caused Col-0 plants to have two fewer leaves than Ler-2 plants (HSP90 interaction effect, P ϭ 0.0003, nonparametric epistasis test).
Discussion
We have vastly expanded the utility of A. thaliana to characterize the phenomenon of HSP90-buffered genetic variation. The presented Col-0 ϫ Ler RIL population with a constitutive genetic reduction in HSP90 levels dramatically broadens the traits and alleles whose phenotypic interactions with HSP90 may be assessed. The work presented here is thus of critical importance to determining the mechanism of HSP90 buffering and the associated potential evolutionary consequences.
The new HSP90-reduced RIL population alleviates the drawbacks of relying on GDA to assess HSP90-buffered genetic variation in A. thaliana. We demonstrate that genetic reduction of HSP90 levels can have comparable effects to inhibition with GDA through the common assessment of hypocotyl length. The major HSP90-dependent QTL previously detected with GDA, along with one other region of significant interaction, was also detected by comparison of the HSP90-reduced and control RIL sets. Other HSP90-dependent QTL previously identified with GDA may not have been detected in this study for two reasons. First, the RNAi lines reduce the level of HSP90, but GDA blocks its chaperone cycle by preventing ATP hydrolysis. The two methods might affect the activities of certain client proteins in different ways. Second, the overall decrease in HSP90 activity may have been higher in GDA experiments than the minor reduction achieved with the RNAi construct (Ϸ68% of wild-type activity remaining). Thus, the two different methods likely lead to different levels of functional HSP90 and the expression of slightly different subsets of revealed variation.
Our survey of life-history traits revealed at least six QTL with significant HSP90-dependent effects on the three chromosomes that were unaffected by linkage to the insertions that were selected for during RIL construction. Notably, no HSP90-responsive QTL were found to colocalize with the HSP90 locus itself; all HSP90-responsive QTL reported here represent the effects that reduced HSP90 levels have on other loci. Due to correlations between some traits, we measured approximately four that were independent. The accompanying study (17) on hypocotyl and root elongation detected eight HSP90-dependent QTL in two independent traits across 2.5 genetically independent RIL sets. Our rate of discovery of 0.5 HSP90-dependent QTL per trait per chromosome per cross is quite similar to the corresponding value of 0.32 obtained in the accompanying study. These values are based on several extremely conservative assumptions. First, we only consider QTL that had both a significant mean effect in either the control or HSP90-RNAi set and that also had a significant HSP90 dependence. Second, we only score QTL as being independent loci if their positions are statistically significantly different. Third, we assume overlapping QTL in different traits to be pleiotropic effects of the same underlying genetic difference. Therefore, because our positional resolution is low, we almost certainly underestimate the number of underlying HSP90-dependent polymorphisms.
We also demonstrate that normal HSP90 levels affect phenotypic variation in another way: suppressing intraindividual developmental noise. Previously, we had shown that HSP90 activity increases interindividual developmental stability in A. thaliana populations (2). Here, we used the coefficient of variation of the first five internodes as a proxy for intraindividual noise, or fluctuating asymmetry. The observed increase in noise upon HSP90 reduction conflicts with several results from D. melanogaster (23, 24) . It might be that the greater environmental responsiveness of A. thaliana and the decreased natural canalization of the examined trait may result in greater power to detect such effects in our system.
With these results, the characteristics of the effects of HSP90 on the map between genotype and phenotype come into much better focus. The RIL set and genetic approaches detailed herein provide an excellent foundation for complete mechanistic and ecological dissection of this phenomenon. We demonstrate that HSP90-responsive natural genetic variation can be observed in Fig. 2 . Significant QTL for chromosomes 2-4. Red, HSP90-RNAi set; green, control set. Stars denote significantly HSP90-responsive QTL. Black bar, most significant location for QTL; box, 2-LOD interval. QTL significance is in shades of gray. Additive effect by direction of arrow, up signifies that Col-0 allele increases the trait mean. Trait variance explained by QTL by size of arrow. Traits: 1, days from germination to flowering; 2, rosette leaf number; 3, cauline leaf number; 4, total leaf number; 5, longest leaf length; 6, longest leaf width; 7, longest leaf depth; 8, longest leaf petiole length; 9, longest leaf petiole length:longest leaf length; 10, longest leaf surface area; 11, longest leaf volume; 12, internode mean; 13, plant height; 14, days actively flowering; 15, growth per day; 16, primary stem fertile siliques; 17, primary stem infertile siliques; 18, primary stem total siliques; 19, secondary stems from rosette; 20, secondary stems from primary stem; 21, dry mass of aerial tissue; 22, total seed weight; 23, total seed weight:dry mass. A. thaliana at such a frequency that nearly every trait could be expected to be affected. This result strengthens the plausibility of previous suggestions that HSP90 might play an important role in enhancing the rate of evolutionary change. Moreover, we propose that far more genetic variation may be available to alter phenotype than quantitative genetic studies generally suggest.
Materials and Methods
Recombinant Inbred Population Construction. Constitutively HSP90-reduced line RNAi-A1 and control line Control-2 from ref. 13 had been backcrossed twice to wild-type Col-0, followed by one generation of self-propagation and selection on kanamycin for insert homozygosity. Ler-2 (CS8581) pollen was crossed to these lines. Single F 1 progeny were self-propagated. One hundred sixty kanamycin-resistant F 2 seedlings were selected, and the resulting lines were subjected to single-seed descent through the F 8 generation. For F 2 and subsequent generations through the F6, kanamycin-resistant seedlings were selected on soil by aerosol spray of 100 g/ml kanamycin every 3 days for the first 12 days after germination.
All generations were grown in thoroughly wetted 50% Metro-Mix 200:50% Pro-Mix BX soil with 32 pots per flat and one pot per RIL. Four to six seeds were initially planted in each pot and stratified on soil for 4 days at 4°C, followed by growth in a greenhouse environment (Ϸ22°C with 80 mol⅐m Ϫ2 ⅐s Ϫ1 cool-white light in a long-day light cycle). Humidity domes were removed after 10 days. After 15 days, all seedlings were eliminated from each pot except for the kanamycin-resistant plant closest to the center. Lines containing different constructs were grown in separate flats until through the F 6. Single F7 plants of all lines were grown at the same time in a randomized design without kanamycin selection to minimize maternal environmental differences between the F 8 seeds, which were used for phenotypic analysis. Lines that did not yield a resistant plant among the seeds planted or that failed to germinate or set seed were not replaced.
HSP90 Reduction in RILs.
Plant growth and RT-PCR was performed as in ref. 13 . Four independent experiments were performed with HSP90-RNAi RILs 1, 2, 3, 4, and 5 and control RILs 501, 502, 503, 506, and 507. One experiment was performed to assay HSP90-RNAi RILs 13, 26, 39, 62, 89, and 102 and control RILs 512, 523, 545, 556, 573, and 584. Each experiment was analyzed with three RT-PCR reactions. Least-squares means for each RIL and for comparing HSP90-RNAi and control sets were calculated from a linear regression model including construct state, RIL nested within construct state, and experiment for the lines with multiple experiments. The two groups of RILs were modeled separately. RIL means were compared by Tukey's honestly significant difference (HSD) post hoc test and the effect of construct by ANOVA.
Genetic Mapping. The A. thaliana indel array (18) was used to genotype 86 HSP90-reduced RILs and 93 control RILs at 240 insertion/deletion markers polymorphic between Col-0 and Ler. DNA was isolated from pooled tissue from several F 8 seedlings per line. DNA preparation, array layout, hybridization, and data analysis were as described in ref. 18 . Markers whose genotype could not be assigned with a posterior confidence greater than 95% were scored as missing data. A further four HSP90-reduced and three control RILs were genotyped by PCR at 10 insertion/deletions per chromosome. Markers whose genotype could not be assigned at Ͼ95% confidence (18) were treated as missing data.
Genetic maps for the RIL populations were calculated with JoinMap 4, using the regression algorithm and Haldane's mapping function (25) . Only the HSP90-reduced population was used for chromosome 1, and only the control population was used for chromosome 5. Both populations were combined for chromosomes 2, 3, and 4. The total genetic distance of 405 cM is similar to the 427 cM calculated for an independent Col ϫ Ler RIL population (26) .
Hypocotyl and Root Length Analysis. Surface-sterilized seeds were plated on germination (GM) medium (27) . The medium contained 0.056% DMSO for consistency with prior similar experiments (2, 17) . Plates were wrapped in foil and cold-treated at 4°C for 72 h to synchronize germination. The foil was removed and the plates were incubated at 22°C in 150 mol/m 2 ⅐sec continuous cool-white light for 2 h to increase germination frequency. The plates were then rewrapped in foil, incubated at 22°C in the dark, and photographed after 7 days. Hypocotyl and root lengths were measured on digital images with Scion Image (Scion Corporation).
Seventy-six Hsp90-reduced RILs and an equal number of control RILs were included in this experiment. Twenty seeds were plated per line. One seed from each of 10 different RILs was sown on each plate, with Hsp90-reduced and control seeds alternated spatially. The same block of 10 RILs was used for 20 plates, with seed of each RIL twice occupying each of the 10 growth positions on the plates.
Mean hypocotyl and root values were used for QTL analysis by interval mapping with QTL Cartographer v.2.5. Significance thresholds were determined by 300 permutations of the data. The effect of Hsp90 on significant QTL was determined by the nonparametric epistasis test presented below.
Life-History Trait Analysis. Seventy-six lines of the HSP90-reduced and control RIL sets were used for genetic analysis of a variety of life-history traits. These lines were selected from among those mapped to maximize recombination breakpoint diversity with MapPop (28) . F8 RIL seed of all lines had been grown in a randomized design and harvested at the same time. All lines were planted in six fully randomized blocks with one plant of each line per block. The soil was thoroughly wetted Pro-Mix BX, supplemented with 7 lbs/yd 3 Osmocote 14:14:14 extended-release fertilizer. Eighteen pots were placed in a checkboard pattern within each flat, such that plants only had diagonal neighbors and did not overlap with adjoining pots. Five to 10 seeds were planted in each pot and were stratified at 4°C for 4 days. The flats were subsequently moved to the greenhouse for growth at Ϸ22°C with 80 mol⅐m Ϫ2 ⅐s Ϫ1 cool-white light in a long-day light cycle. Humidity domes were removed after 10 days, and all plants were discarded except for the seedling closest to the center of each pot. All flats were rotated daily between growth racks to minimize the effect of microenvironments within the greenhouse. Each flat was bottom-watered overnight once per week. Orthene (acephate) insecticide (0.1 g/liter) was included in the water. Plants were removed to drying flats at the cessation of flowering, with a final watering 1 week after flowering cessation. The plants were then allowed to dry for at least 1 month before harvest. Drying flats were not rotated.
The following traits were scored: flowering date; cauline and rosette leaf number; longest leaf length, width, depth, and petiole length; length of the first five internodes on the main stem; cessation of flowering date; plant height; number of fertile and infertile siliques on the primary stem; number of secondary stems emerging from the rosette and primary stem; dry plant mass; and total seed mass. The flowering date was defined as the day the primary inflorescence reached 1 cm in height. Longest leaf measurements were conducted 1 week after flowering; internode measurements were conducted at least 2 weeks after flowering. Dry mass was measured after separating seeds.
Statistical Analysis. Analysis of data were performed with JMP5.0 (SAS Institute). A multiple linear regression model was used to estimate the leastsquares mean of each trait for each RIL. Flat, position within the flat, construct, cytoplasm, construct ϫ cytoplasm interaction, and RIL were included in the model, with RIL nested within construct ϫ cytoplasm. All measured traits were analyzed, along with the following composite traits: longest leaf length:longest leaf petiole length, longest leaf length ϫ width (approximates surface area), longest leaf length ϫ width ϫ depth (approximates aerial volume occupied by the leaf), inflorescence growth per day, siliques produced per day, and seed weight:dry mass. Mean internode distance and the coefficient of variation (CV) of internode distance for each plant was calculated before modeling. To improve normality, rosette leaf number, total leaf number, longest leaf length ϫ width ϫ depth, internode CV, dry mass, and total seed weight were log-transformed before analysis, and the number of infertile siliques was probit-transformed. Broad-sense heritabilities were estimated with the same model with RIL considered as a random effect.
Because many measured characters are highly correlated, principalcomponent analysis was used to examine independent life-history trajectories. Least-squares means per genotype of the traits days to flower; total leaf number (log transformed); longest leaf length, width, depth, and petiole length; plant height; days flowering; total siliques on the primary stem; dry mass (log transformed); and total seed mass (log transformed) were transformed to standard normal distributions and included in the principalcomponent analysis because these traits have the potential to be developmentally independent. Principal components that explained greater than 10% of the total variance were treated as traits in further analyses.
Least-squares means and principal components were used for QTL analysis by interval mapping with QTL Cartographer (28) . One thousand permutations per trait determined that LOD 2.7 was appropriate as a genome-wide significance threshold of ␣ ϭ 0.05 for all traits. Estimates of additive effects and the percentage of variation explained by each QTL were calculated with QTL Cartographer.
Because the several regions of segregation distortion may cause difficulties for epistasis tests that assume traits to be normally distributed, the effect of HSP90 on significant QTL was determined by the following highly conservative nonparametric epistasis test. For a particular trait, sort all HSP90-reduced RILs in ascending trait value and replace the trait values by rank order. Repeat separately for the control RIL set. At the marker to be tested, divide each RIL set into Col-0 and Ler-2 genotypic classes. Denote the ranks of HSP90-reduced lines with Col-0 genotype and Ler-2 genotype as R C and RL respectively. Similarly, define C C and CL for the control lines. The test statistic is
Significance is determined by comparison with a distribution of all possible such test statistics given the number of lines in all four genotypic classes. For large sample sizes with greater than five lines in each class, this distribution is well approximated by the normal distribution:
All P-values reported are two-tailed.
Near-Isogenic Lines. RIL102, containing the HSP90-RNAi construct, was crossed to Col-0 (CS60000), followed by self-propagation of a single F1 plant. F2 plants were genotyped by PCR at insertion/deletion markers (18) at 1.4, 7.4, 11.6, and 17.5 Mb on chromosome 3 and at 10.8 and 14.6 Mb on chromosome 4. The presence of the HSP90-RNAi construct was assessed by segregation tests using the tightly linked kanamycin-resistance marker. Five lines were selected that were of Col-0 genotype at all tested loci, three of which were homozygous for the presence of the HSP90-RNAi construct and two of which were homozygous for its absence. Five further lines were chosen that were of Col-0 genotype at the chromosome 3 markers and Ler-2 genotype at the chromosome 4 markers. Two of these were homozygous for the presence of the HSP90-RNAi construct and three were homozygous for its absence. F 3 seeds from these plants were used for experiments.
Nine plants of each of the four genotypes were grown in each of six replicate flats, with approximately equal division between lines of the same genotype. Planting, seedling selection, growth conditions, and measurement were performed as described above. Least-squares effects of genotype were derived from a linear regression model containing flat, position within the flat (corner/edge/interior), genotype, HSP90-RNAi construct presence/absence, and interaction between the HSP90 state and genotype.
